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We demonstrate coupling of the zero-phonon line of individual nitrogen- vacancy centers and the 
modes of microring resonators fabricated in single-crystal diamond. A zero-phonon line enhancement 
exceeding ten- fold is estimated from lifetime measurements at cryogenic temperatures. The devices 
are fabricated using standard semiconductor techniques and off-the-shelf materials, thus enabling 
integrated diamond photonics. 



Integrated quantum photonic technologies are key for 
future applications in quantum information pj [2J , ultra- 
low-power opto-electronics [3 , and sensing [4j. As indi- 
vidual quantum bits, nitrogen- vacancy (NV) centers in 
diamond are among the most attractive solid-state sys- 
tems identified to date, owing to their long-lived electron 
and nuclear spin coherence, and capability for individ- 
ual optical initialization, readout and information stor- 
age [IHS]. The major outstanding problem is intercon- 
necting many NVs for large-scale computation. One of 
the most promising approaches is to couple them to opti- 
cal resonators, that enhance the zero-phonon line (ZPL) 
emission, and can be further interconnected in a photonic 
network [TqHT2] . 

Previous efforts to couple NV centers to optical res- 
onators have been hindered by difficulties with single- 
crystal diamond fabrication [ 13UT5] or integration of di- 
amond with other optical materials [TF-TF. Coupling 
to microresonators has been observed using diamond 
nanoparticles but the spectral and coherence properties 
of NVs in these structures is not appropriate for quantum 
information applications [19 - 22 . Enhanced zero-phonon 
line emission by coupling to surface plasmons [23l [24] has 
recently been reported, but in this case both the ZPL and 
the phonon sidebands are enhanced. In our approach, 
the resonator is fabricated directly in a single crystal di- 
amond membrane thus enabling selective enhancement of 
the ZPL while the emission rate into phonon sidebands 
remains almost unchanged. By using single crystal dia- 
mond it is expected that NV centers with excellent spec- 
tral properties could be integrated into an optical quan- 
tum network. 

The spontaneous emission rate enhancement of a par- 
ticular dipole transition i of an emitter coupled to a mi- 
croresonator relative to the uniform dielectric medium 
of the resonator is enhanced by the factor ( ) + F, 
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FIG. 1: Microring resonator fabricated in single- 
crystal diamond, a, Scanning electron microscope (SEM) 
image of the device (top view), b, Simulated field profile 
(azimuthal crosssection) of the TMm=4o (E^ field component 
shown) and TEm=4o (H^ field component shown) resonances 
supported by this microring. The z direction is perpendicular 
to the plane of the ring, m is the azimuthal quantum num- 
ber and p is the radial quantum number. c,d,e, Side view 
of the microdisk showing the surface roughness due to the 
fabrication process. 

where I/tq is the emission rate in the uniform dielectric 
medium, l/r^eafc is the emission rate outside the cavity 
mode, and 

where fii is the dipole moment, E{fi) is the local electric 
field at the emitter location r^, Acav is the cavity wave- 
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FIG. 2: Spectral characterization showing enhanced photoluminescence due to coupling to the cavity mode. 

a, Broadband photoluminescence spectrum under continuous- wave excitation. The Raman scattering, and the ZPL from NV° 
and NV~ are marked on the spectrum. Multiple cavity modes can be observed in the phonon sidebands, b, Higher resolution 
spectrum over the NV~ ZPL region shows two modes, CI and C2, blue detuned by only a few nanometers from the ZPL. The 
quality factors are Ql=4300 and Q2=3800 (see inset), c. When tuning CI and C2 over the ZPL a few NVs exhibit enhanced 
emission. The tuning rate was reduced when CI and C2 crossed the ZPL. The transition labeled 'NVl' couples to both CI 
and C2. The color plot was generated using logarithmic scale. d,e. Spectra of NVl in the uncoupled (d) and coupled case (e). 



length, Ai is the emitter wavelength, and ^max is the 
maximum value of the electric field in the resonator. For 
the case where the dipole is resonant with the cavity and 
also ideally positioned and oriented with respect to the 
local electric field, F = Fcav where. 
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and Vmode 

is the optical mode volume of the resonator. 

The optical cavity used in the experiment consists of a 
diamond microring on a silicon dioxide pedestal (Fig.jl]). 
The microring, 4.8 jam in diameter and 700 nm wide, was 
etched in a 280 nm thick diamond membrane that was ob- 
tained by thinning a 5 /im single-crystal membrane (El- 
ement 6) using reactive ion etching (RIE) in an oxygen 
plasma. During the etching process the membrane was 
mounted on a 2 /im thick Si02 substrate thermally grown 
on a Si wafer. After the membrane preparation, a silicon 
nitride (500 nm) layer was deposited on top and the ring 
was patterned in this layer using electron-beam lithog- 
raphy and RIE. Two more etching steps were used to 
transfer the pattern from silicon nitride to diamond and 
then remove the excess silicon nitride. During the last 
RIE step, the oxide substrate was also etched by 300 nm. 



This is a multimode resonator that supports four radial 
TM modes and four TE modes with electromagnetic field 
profile shown in Fig. [l] b. The simulated quality factor 
can exceed Q = 10^, but for the device used in this exper- 
iment the quality factor is limited to 5000 by imperfec- 
tions in the fabrication process, mainly the surface rough- 
ness shown in Fig. [l] d,e. These values of Q are much 
higher than those observed in microresonators fabricated 
in nanocrystalline diamond [25 . The optical mode vol- 
ume ranges from Knode ^ 17 (^) to Fmode ^ 32 (^) de- 
pending on the particular standing wave mode, where A is 
the resonance wavelength in air and n = 2.4 is the index 
of refraction of diamond. Our simulations indicate the 
smallest mode volumes for fundamental TE/TM radial 
modes (p=l) with azimuthal quantum number m = 46 
at Xcav = 637 nm. 

During the experiment, the sample was cooled below 
lOK in a continuous-flow liquid-helium cryostat. A con- 
focal microscope setup was used for optical excitation 
and collection. The NV centers studied were present 
in the original membrane, accidentally incorporated dur- 
ing diamond growth. The photoluminescence spectrum 
while pumping the microdisk with a continuous-wave 
green laser(532nm, 2mW) is shown in Fig. [2^. Besides 
the diamond Raman line, the zero-phonon lines and the 
phonon sidebands from both the neutral (NV^) and nega- 
tively charged (NV~) centers are visible in the spectrum. 
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FIG. 3: Lifetime measurements for NVl. a,b, Photoluminescence spectrum of NVl under pulsed excitation when coupled 
to C2 (AA2 = Onm) and the uncoupled case (AA2 = 0.24 nm). The gray bar marks the spectral filter window used to collect 
only photons emitted in the NVl ZPL. c Lifetime measurement for the uncoupled (tq = 11.1ns, AA2 = 0.24 nm) and the 
coupled case (tc2 = 8.3 ns, AA2 = 0). d. Change in lifetime as CI and C2 are tuned over the NVl ZPL. The data are well fit 
(red line) assuming coupling to two cavity modes with quality factors Q 1=4300 and Q2=3800 as measured from the spectra, 
and considering that the emission rate into each cavity mode follows a Lorentzian dependence with respect to detuning. 



and multiple cavity modes can be observed on the top 
of the phonon sidebands. A higher-resolution spectrum 
(Fig. ^p) shows that the laser spot with an area of 1 /im^ 
excites about ten distinct NV~ ZPL lines distributed 
over ~ 1 nm because of strain in the sample. Two reso- 
nant modes CI and C2 with quality factors Q 1=4300 and 
Q2=3800 are spectrally detuned by only a few nanome- 
ters from the ZPL at 637nm (Fig. ^p). Considering a 
quality factor Q=4000, the maximum expected enhance- 
ment factor for an optical dipole ideally aligned and posi- 
tioned with respect to the local electric field ranges from 
1 + F ^ 10 to 1 + F ^ 19. Here, and in the rest of the 
paper, we assume :^r^ = 1, based on our experimental 
finding that the total decay rate into modes outside of 
the cavity (1/rieak) is approximately equal to the total 
decay rate in bulk diamond I/tq ~ (12ns)~^. 

The modes of the microdisk can be red-shifted by in- 
jecting xenon gas into the cryostat. The xenon condenses 
on the resonator thus increasing the effective microring 
size, resulting in a resonance shift. When modes CI and 
C2 are tuned over the ZPL a few NV lines show strong 
intensity enhancement, a signature of coupling to the cav- 
ity (Fig. [2]c,d,e). One of the NV lines, marked as NVl, 
couples to both CI and C2. These two modes tune at the 
same rate and have roughly the same quality factor, sug- 
gesting that they represent standing waves formed from 
counter-propagating modes of the same radial and az- 
imuthal order, coupled through surface roughness scat- 
tering. The position of the scattering centers also de- 
fines the spatial position of the standing waves. The en- 
hancement of the collected photoluminescence depends 
not only on the emission rate of photons into the cavity 
mode, but also on the collection efficiency for light emit- 
ted into the cavity, and then scattered out. To obtain a 



more quantitative estimate of the rate of photon emission 
into the cavity, we performed photoluminescence lifetime 
measurements as described below. 

The lifetime measurements were performed using green 
pulsed excitation with a repetition rate of 4.75 MHz using 
a filtered supercontinuum source (520 nm center wave- 
length, 28 nm bandwidth, 200 /iW). The pulsed excita- 
tion spectra of NVl, both in the uncoupled case and when 
coupled to C2, are shown in Fig.|3^,b. As expected, un- 
der pulsed excitation more photons are collected from 
NVl when coupled to the cavity. A monochromator 
was used to spectrally filter (0.03 nm ^ 20 GHz band- 
width) only the NVl ZPL, and the filtered signal was 
sent to a photon counter. The temporal profile of the 
photoluminescence emission was fitted by a single ex- 
ponential function (Fig. [sj^), indicating a change in the 
NVl lifetime from tq = 11.1ns in the uncoupled case 
to rc2 = 8.3 ns when resonant with cavity mode C2. We 
note that the first 3 ns following the excitation pulse were 
skipped in the fits shown in Fig.[3]c to minimize the influ- 
ence of a fast luminescence coming from some contam- 
ination on the sample acquired during the sample pro- 
cessing. If the total photon emission rate for uncoupled 
NVs is 1/ro = I/tzpl + l/'Tps, in the coupled case the 
rate becomes l/rc2 = (1 + F)/rzpL + l/^ps where F, 
1/tzpl and 1/rps are the Purcell factor and the spon- 
taneous emission rate into the ZPL and phonon side- 
bands, respectively. The Purcell factor is then given by 
^ — {j^l^c2 — 1)/^ZPL, where ^zpl is the branching ratio 
into the ZPL (^zpl = tq/tzpl)- Our own measurements 
on other diamond samples indicate a branching ratio of 
^ZPL ^ 0.03, while other sources report values ranging 
from ^zPL ^ 0.024 [W to ^zpl ^ 0.05 [27 . A branching 
ratio of ^zpl ^ 0.03, gives a total enhancement factor 
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1 -\- F ^ 12. This estimate neglects any possible non- 
radiative decay channels that may also be present. If 
such non-radiative decay occurs, then the true ZPL en- 
hancement factor could be even higher than the one es- 
timated here. The lifetime of NVl was also measured at 
different detunings from CI and C2 as shown in Fig. |3]l. 
Decreased lifetimes are observed when both CI and C2 
cross over the NVl resonance. The fit in Fig. [3]d shows 
that the change in lifetime follows the expected tuning 
dependence (Eq. [T]) for a dipole coupled to two cavity 
modes with quality factors Q 1=4300 and Q2=3800 (as 
measured from the photoluminescence spectra). 

Other NV lines on this sample showed coupling to cav- 
ity modes, as shown in Fig. |4j for the same microring de- 
vice. While NV2 was coupled to CI and showed a similar 
lifetime reduction as NVl, NV3 was coupled to C2 and on 
resonance the lifetime was reduced by a relatively smaller 
amount (10.4ns minimum lifetime). We note that the 
pulsed photoluminescence spectra in Fig. [4k,b show a 
higher concentration of NV~ than in Fig. |3fi,b. This 
difference occurred because the measurements in Fig. 4 
(Fig. 3) were performed before (after) the sample was 
imaged with a scanning electron microscope that caused 
some conversion from NV~ to NV^. 
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FIG. 4: Lifetime measurements for NV2 and NV3. a,b, 

Photoluminescence spectra for NV2 and NV3 under pulsed 
excitation both for cavity on resonance with the NV line 
(continuous), and the cavity off resonant with the NV line 
(dashed). The gray area shows the spectral filter for the NV 
ZPL. c,d Lifetime as a function of detuning from the cavity 
mode for NV2 and NV3. 

The measured spontaneous emission rate enhancement 
of 12 is smaller than the maximum expected from simu- 
lations, because of the non-ideal placement and orienta- 
tion of the NV with respect to the standing wave. With 
an enhancement factor of 12, the ZPL branching ratio 



changes from 3/100 to 36/133 25%). With the same 
resonator design the branching ratio could exceed 98% 
for Q > 5 X 10^. This improvement in Q should be pos- 
sible with improved fabrication processing. Branching 
ratios exceeding 99.5%, as needed for quantum comput- 
ing protocols, are possible using photonic crystals with 
^mode - 2 {^f and Q > 2 X 10^ 

Coupling single NV centers to single-crystal diamond 
resonators is a first critical step towards large-scale inte- 
grated diamond quantum optical networks. In the near 
term, improvements in fabrication processes should yield 
structures with higher Q, and allow integration of both 
low-loss waveguides and more complex optical elements 
such as switches and directional couplers. Studies of the 
optical manipulation and coherence of single NV spins 
in cavities will require centers with high-quality spectral 
properties located at optimal positions with respect to 
cavity modes. Therefore, in parallel it will be important 
to develop methods to place NV centers at predetermined 
positions on a diamond chip [29 without introducing ad- 
ditional point defects, and to release the sample strain 
to reduce inhomogeneous broadening. Even relatively 
simple chip-scale quantum networks could enable quan- 
tum simulators that would significantly outperform clas- 
sical computers in applications such as quantum chem- 
istry [30 . These devices operating at the fundamental 
limit of light-matter interaction could also enable future 
optical signal processing devices and sensors operating 
at ultra-low power levels, as well as provide a platform 
for fundamental studies of many-particle entanglement 
that is a prerequisite of nontrivial quantum factoring and 
searching pLj. 

This material is based upon work supported by the De- 
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No. HROOll-09-1-0006 and The Regents of the Univer- 
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